ADHD and fetal alcohol syndrome are clearly separate clinical entities (Nanson and Hiscock, 1990) , the similarity in the presentation of ADHD and the ADHD-like behavioral component of fetal alcohol syndrome suggests that alcohol may also play a role in the etiology of ADHD (Coles et al., 1997) . Although less is known about the short-or long-term consequences of prenatal exposure to other substances such as marijuana or cocaine (Richardson et al., 1993 ), children exposed prenatally to cocaine have demonstrated decreased visual attention and those exposed to marijuana use prenatally have been shown to exhibit impaired intellectual functioning (Day et al., 1994; Heffelfinger et al., 1997) . Since cigarette smoking and substance use are often related to each other, it is not known whether the reported effects of prenatal exposure to cigarettes are independent of the effects of alcohol and drugs on attention and cognition.
Because ADHD is frequently comorbid with conduct disorder (CD) (Angold et al., 1999; Biederman et al., 1991) and maternal smoking during pregnancy has been shown to exert a 2-to 4-fold increased risk for CD (Ernst et al., 2001; Fergusson et al., 1998; Wakschlag et al., 1997; Weissman et al., 1999) , this comorbidity may also confound studies of maternal smoking during pregnancy and ADHD. Because ADHD, CD, substance use disorders, and antisocial personality disorder (ASPD) are known to be comorbid with one another and to coaggregate in families (Biederman et al., 1995b Boyle and Pickles, 1997; Chilcoat and Breslau, 1997; Faraone et al., 1995; Wilens et al., 1997 Wilens et al., , 1998 , the putative link between prenatal nicotine exposure and ADHD might be mediated by another disorder. For example, Weissman et al. (1999) adjusted for parental psychiatric diagnoses (other than ADHD), while Milberger et al. (1996 Milberger et al. ( , 1998 did not adjust for comorbid CD or ASPD in the previous studies documenting an increased risk for ADHD in offspring. Therefore, the negative findings of Weissman et al. (1999) with regard to ADHD may have resulted from the statistical control for CD rather than a lack of statistical power. Thus the relationship between ADHD and maternal smoking during pregnancy needs to be revisited with attention to these potential confounders.
A number of studies have shown the male fetus to be more sensitive to intrauterine and other perinatal circumstances contributing to CNS disorders (e.g., Ernst et al., 2001; McCartney et al., 1999; O'Callaghan et al., 1992) . Although previous work suggested that gender may not modify the relationship between maternal smok-ing during pregnancy and ADHD (Milberger et al., 1998) , it has been shown to modify the relationship between CD and maternal smoking during pregnancy (Fergusson et al., 1998; Weissman et al., 1999) . Inasmuch as the previous reports (Milberger et al., 1998) examining interactions between gender and prenatal exposure to cigarettes had relatively few female subjects with ADHD, the effects of gender need to be examined further. Fergusson et al. (1998) hypothesized that maternal smoking during pregnancy may be a marker for social disadvantage and that it is this adversity that accounts for the increased risk of disruptive behavior disorders in children prenatally exposed to nicotine and smoke products. Contrary to their hypothesis, however, they found that the relationship between maternal smoking during pregnancy and psychopathology in their children persisted even after statistically controlling for an extensive array of social risk factors. Nonetheless, the relationship between prenatal exposure to cigarettes and ADHD must be evaluated in light of possible associations between exposure status and related social factors. As in previous research, here we use six factors identified by Rutter (Rutter et al., 1975; Rutter and Quinton, 1977) as being associated with childhood mental disturbances (severe marital discord, low social class, large family size, paternal criminality, maternal mental disorder, and foster care placement) as an indicator of social adversity.
The goal of this report was to address the putative association between ADHD and prenatal exposure to maternal cigarette smoking, drugs of abuse, and alcohol with attention to potential confounding by familial ADHD, maternal depression, CD, and indicators of social adversity in the environment. To this end, we analyzed data from a case-control study of boys and girls with ADHD to estimate the increased risk for ADHD associated with maternal cigarettes, alcohol, and drugs. We predicted that maternal cigarette smoking during pregnancy would be associated with ADHD and that this effect would not be modified by gender. We also predicted that there would be an association between maternal alcohol and drug use and ADHD.
METHOD

Subjects
In this analysis the data from two identically designed hospital-based case-control family studies of ADHD were combined . The first study ascertained families on the basis of a male case or control child aged 6-17 years at the time of ascertainment. The second ascertained families on the basis of a female case or control child also aged 6-17 years at the time of ascertainment. As we have reported previously (Biederman et al., 2002) , these samples were not significantly different on any demographic variables, except that the female subjects were slightly older than the male subjects (11.0 ± 3.3 versus 11.7 ± 3.2 years of age).
All of the ADHD subjects had a lifetime history which met full DSM-III-R diagnostic criteria for ADHD according to a structured diagnostic interview (described in detail under "Measures"). We identified subjects from lists of referred ADHD patients from the pediatric psychopharmacology clinic at the Massachusetts General Hospital and from lists of children having evidence of ADHD in the computerized medical record of a health maintenance organization.
Within each setting, we selected non-ADHD controls from lists of outpatients at pediatric medical clinics of each institution. Controls were screened only for the absence of ADHD and were not excluded on the basis of any other diagnosis. The goal in selecting controls was to satisfy the comparability principles required for meaningful inferences in case-control epidemiological studies (Wacholder et al., 1992a-c) . Because clinically referred subjects do not usually represent a clearly defined geographical area, controls were selected from nonrelated clinics of the same referral source with the assumption that, had they developed ADHD, the controls would return to the same institution for treatment of this new condition. The use of secondary study bases limits generalizability and does not produce a representative sample from a geographical population. Nevertheless, it does allow for meaningful case-control comparisons if the controls are individuals who could have been cases had they developed the disorder of interest during the time of the investigation (Wacholder et al., 1992a-c) . Because controls are selected on the basis of a negative history of the disorder being studied, this assumption can never be truly validated. It is implicit, however, in all comparative research studies of referred cases.
Proband children and each of their first-degree relatives (mothers, fathers, and siblings older than 6 years of age) were interviewed to assess the lifetime and current history of psychopathology and were administered cognitive batteries to assess intelligence, achievement, and learning disorders (measures described below). All study procedures were approved by our institutional review board and all subjects provided written informed consent.
Measures
Psychiatric assessments of children and adolescents relied on the Schedule for Affective Disorders and Schizophrenia for School-Age Children-Epidemiologic version (K-SADS-E) (Ambrosini, 2000) , and diagnostic assessments of parents relied on direct interviews with each parent using the Structured Clinical Interview for DSM-III-R (SCID) (Spitzer et al., 1990 (Spitzer et al., , 1992 . To assess childhood diagnoses in the parents, we administered modules from the K-SADS-E covering childhood diagnoses. All assessments were made by raters who were blind to the child's diagnosis (ADHD or non-ADHD control) and ascertainment site. The mother's direct interview about her own psychopathology was conducted before and on a different day from the indirect interview she completed regarding psychopathology in her children. Different interviewers met with mothers and children to maintain blindness to case-control status and to prevent information from one informant influencing the assessment of the other.
Psychiatric diagnoses were assigned on the basis of DSM-III-R diagnostic criteria. Interviews were conducted by raters with undergraduate degrees in psychology who had been trained to high levels of interrater reliability. We computed κ coefficients of agreement between raters and three experienced, board-certified, child and adult psychiatrists who listened to audiotaped interviews made by the raters. Based on 173 interviews, the median κ was 0.86; κ was 0.99 for ADHD and 0.93 for CD. Intellectual functioning was assessed with the Vocabulary, Block Design, Digit Span, and Digit Symbol subtests of the WISC-R (Wechsler, 1974) . We estimated Full Scale IQ from the Vocabulary and Block Design subtests (Sattler, 1988) . Socioeconomic status (SES) was measured with Hollingshead's four-factor index (Hollingshead, 1975) .
We also performed analyses based on those adversity indicators identified in Rutter's work (Rutter et al., 1975; Rutter and Quinton, 1977) as being associated with childhood mental disturbances: severe marital discord, low social class, large family size, paternal criminality, maternal mental disorder, and foster care placement. Because none of our subjects had been placed in foster homes, the variable of foster care placement could not be used in our analysis. Low social class was defined as the lowest two groups of socioeconomic class in our sample (SES III and SES IV) (Hollingshead, 1975) . Large family size was defined as three or more children. A history of antisocial personality in the father was used to index paternal criminality. Maternal mental disorder was considered present if the mother had at least two psychiatric disorders during the child's lifetime. Marital discord was derived from Family Conflict subscale of the Family Environment Scale (Moos, 1985) . Our operational definitions of Rutter's indicators were added together to create a total index categorized by 0, 1, 2, or 3 or more indicators of adversity.
Because this is a retrospective case-control study that relied on selfreport, the measurement of exposure was susceptible to error. To improve the reliability and precision of our estimates of relative risk, however, we used two measures of prenatal exposure to alcohol and drugs. In the first, mothers were directly questioned regarding the pregnancy, delivery, and infancy complications they experienced with the index child during the structured diagnostic interview they completed pertaining to the child's psychiatric history. Among these questions, there were direct questions regarding exposure to cigarettes, alcohol, or drugs. The second measure of exposure was derived from the mother's self-reported structured diagnostic interview regarding her own psychiatric history which included an assessment of alcohol and drug abuse or dependence. Using the reported onsets and offsets of drug and alcohol abuse or dependence in mothers, in combination with the date of birth of the index child, we determined whether cases and controls were exposed to alcohol or drugs during fetal development according to this second, indirect assessment of exposure.
Data Analysis
Horton et al. (1999) described a variety of methods to analyze multiple measures of a risk factor in epidemiological studies. Consistent with their suggestions, we used bivariate logistic regression (to simultaneously fit two logistic regression models-one for each source of information) predicting case-control status from the main effect of exposure, the main effect of the source of information (direct questioning or derived from mother's interview), and the interaction between exposure and source of information. If there was no statistically significant interaction between exposure and the source of information, we should conclude that the relationship between exposure and outcome is not sensitive to the source of the information and some combination of the measures of exposure may be used (Horton et al., 1999) . In the absence of a statistically significant interaction, we remove interaction terms and report a single odds ratio for prenatal exposure to alcohol or drugs generated from the bivariate logistic regression model which uses information from both sources.
Because this results in more than one observation per subject, generalized estimating equations (Liang and Zeger, 1986 ) were used to fit logistic regression models with a working correlation structure and empirical estimates of variance to produce consistent standard errors and p values. These models are commonly use in longitudinal studies when each subject is followed and provides more than one observation. They are necessary so that the number of subjects and not the number of observations is used to estimate statistical significance. The Wald χ 2 was used to test statistical significance of the coefficients of these models. For those variables that were not repeated measurements, the Pearson χ 2 and t test were used to perform statistical tests comparing ADHD and non-ADHD groups for categorical and continuous data, respectively. All tests were two-tailed with α set at .05.
RESULTS
There were 280 ADHD cases and 242 non-ADHD control subjects. By design, there was no difference in the gender distribution of the two groups. There were small but statistically significant differences in age and SES, with ADHD subjects slightly younger and from middle class as opposed to the highest category of SES (Table 1) . Mothers of ADHD cases were slightly younger than mothers of controls at the time of the subject's birth. There was also an increased lifetime prevalence of ADHD and CD/ASPD in the parents of cases relative to the parents of controls (Table 1) .
The different definitions of prenatal exposure to cigarettes, alcohol, and drugs are presented in Table 2 . We fit bivariate logistic regression models with the dependent variable (case-control status) paired with the separate reports of exposure (to alcohol and drugs), the interaction between the source of information and measure of exposure, exposure to cigarettes, and potential confounders (maternal age at child's birth, indicators of social adversity, parental history of ADHD, parental history of CD/ASPD, and comorbid CD in cases and controls). For both alcohol (Wald χ 2 1 < 0.01, p = .9) and drugs (Wald χ 2 1 = 0.01, p = .9), there was no significant interaction between the exposure and the source of information. This indicated that the relationship between exposure and ADHD was not sensitive to the source of information and that both measures described some component of the true, but unobserved, level of exposure to alcohol and drugs during pregnancy (Horton et al., 1999) . Thus the results from the models with the interaction terms dropped are presented in Table 3 .
This analysis indicated that ADHD cases were significantly more likely to have been exposed to cigarettes and alcohol in utero than were the non-ADHD control sub- jects. The effects of cigarette, alcohol, and drug exposure were not significantly different for male and female subjects (Wald χ 2 3 = 0.1, p = .9). There was no statistically significant association between ADHD and prenatal exposure to drugs in these data.
DISCUSSION
In this study we examined the effect of prenatal exposure to cigarettes, alcohol, and other drugs in ADHD cases and controls of both genders. We found (1) a twofold increased risk for ADHD associated with prenatal exposure to nicotine and smoke products, (2) a separate and independent 2.5-fold increased risk for ADHD associated with prenatal exposure to alcohol, (3) that the association between maternal smoking during pregnancy and ADHD reported in previous studies was not due to inadequate statistical control of important potential confounders, and (4) that gender did not modify the relationship between these risk factors and ADHD.
Previous studies have documented an association between academic difficulties and symptoms of inattention Streissguth et al., 1984 Streissguth et al., , 1994 and prenatal exposure to alcohol. In addition, others have identified a high prevalence of ADHD in a small group of children of alcoholic mothers (Aronson et al., 1997) . To our knowledge, however, the present report is the first controlled study that has found prenatal exposure to alcohol abuse to increase the risk for ADHD-proper in offspring. Because none of our subjects had fetal alcohol syndrome, these findings indicate that ADHD may be an additional deleterious outcome associated with prenatal exposure to alcohol. Since this relationship was inde- Note: ADHD = attention-deficit hyperactivity disorder; PDIC = the pregnancy, delivery, and infancy complications module of the structured diagnostic interview; SCID = Structured Clinical Interview for DSM-III-R; A/D = abuse or dependence.
a Mothers were questioned directly regarding substance use during the pregnancy of the case or control child. b Exposure to alcohol or drug A/D was determined from overlap between the reported onset and offset of the substance use disorder and the 9 months prior to the birth of the case or control child. 1-4 .1) p = .02 Alcohol exposure a 2.5 (1.1-5.5) p = .03 Drug exposure a 0.8 (0.3-2.0) p = .6 CD in offspring 8.5 (3.1-23.5) p < .001 Maternal age at birth b 1.0 (0.9-1.1) p = .9 Maternal depression 1.8 (0.9-3.4) p = .1 Parental ADHD c 6.6 (3.2-13.9) p < .001 Parental CD/ASPD c 0.9 (0.5-1.6) p = .6 Rutter's indicators of adversity (vs. none) One 1.7 (0.9-2.7) p = .08 Two 1.6 (0.9-2.8) p = .1 Three or more 4.1 (1.9-8.7) p < .001 Subject's age in years 0.9 (0.8-0.95) p < .001
Note: ADHD = attention-deficit hyperactivity disorder; CD/ ASPD = conduct disorder and/or antisocial personality disorder.
a Bivariate measure of exposure. b Mother's age at time of child's birth. c Diagnosis present in either parent. pendent of familial ADHD and antisocial behavior disorders, our results also suggest that prenatal exposure to alcohol may cause phenocopies of ADHD (i.e., nonfamilial cases). Alternatively, it is possible that aberrant genes and environmental exposures combine to augment the risk for ADHD. More research is needed of ADHD subjects exposed and nonexposed to alcohol during pregnancy in an attempt to distinguish between these hypotheses. The absence of a statistically significant association between prenatal exposure to drugs and ADHD was unexpected. Although this is consistent with a limited body of literature also failing to statistically detect long-term consequences of prenatal exposure to drugs (Richardson et al., 1993) , it should be noted that this null finding was adjusted by exposure to alcohol and tobacco use during pregnancy and there were very few subjects exposed in our data. Thus prenatal exposure to drugs may still have an impact on the emotional and cognitive development of children, but these effects may be small and difficult to detect in the context of other risk factors which may be more noxious or more prevalent. Furthermore, we have reported in previous publications (Biederman et al., 1995b; Wilens et al., 1997) that the most prevalent type of drug abused in our adult subjects was marijuana. The lack of exposure to cocaine and other drugs known to have deleterious effects on newborns also considerably tempers our confidence in the null finding regarding prenatal exposure to drugs and the subsequent risk for ADHD.
In accord with the suggestions made in the recently reported work by Weissman et al. (1999) , we adjusted for parental psychopathology and found that the relationship between ADHD and maternal smoking continued to be significant. Likewise, the well-known relationship between ADHD and CD, and the reported associations between CD and maternal smoking during pregnancy (Fergusson et al., 1998; Wakschlag et al., 1997; Weissman et al., 1999) , required that we control for comorbid CD in the index children. Again, we did not find that this potential confounder explained the relationship between ADHD and maternal smoking during pregnancy.
There was also no significant interaction between gender and prenatal exposure to cigarette smoking. This is consistent with Milberger et al. (1998) , who also failed to detect a significant gender interaction when examining the association between exposure to maternal cigarette smoking during pregnancy and ADHD among the high-risk brothers and sisters of the male ADHD cases examined in this current report. The present report includes our previous sample of boys and a larger and independent study of girls with ADHD and provides further evidence that the effect of these exposures may not be modified by gender. This could indicate that the increased prevalence of ADHD in males is not the result of gender-specific susceptibility to teratogens such as maternal smoking or alcohol use.
Results from recent animal studies provide plausible biological mechanisms for the effects of prenatal exposure to alcohol and cigarettes found in this study. Ikonomidou et al. (2000) demonstrated that rates of apoptotic neurodegeneration in the forebrain were greater in ethanol-treated rats than in rats treated with saline. Similarly, Roy et al. (1998) found increased incidence of apoptotic cells in the hindbrain, forebrain, and midbrain of rat embryos exposed to nicotine. Damage to the developing neuroepithelium was evident at levels of prenatal exposure to nicotine that were insufficient to cause general dysmorphogenesis (Roy et al., 1998) . These findings are consistent with studies documenting ADHD-related reduction in the size of structures comprising the neuronal networks involved in attention (i.e., the cerebellum, basal ganglia, and right frontal lobe) (Posner and Petersen, 1990) . Thus levels of exposure to nicotine and alcohol that do not affect the viability of the fetus may result in disruption of normal brain development that could lead to behavioral and attentional problems in childhood.
While these experimental animal studies are consistent with the results from our current report, we cannot definitively conclude that they explain the mechanism that underlies the association between alcohol and cigarette use during pregnancy and the risk for ADHD. Since these were controlled laboratory experiments, the administration of exposure is not directly analogous to exposure in utero resulting from parental use, for example. In addition, our measures of exposure to substance use did not allow for the estimation of a dose-response relationship or for the estimation of the timing of exposure (e.g., the specific trimester). Since both Ikonomidou et al. (2000) and Roy et al. (1998) found that the timing of exposure impacted the incidence of apoptotic cells in exposed rats, more detailed temporal information regarding exposure to cigarettes and alcohol is needed in future efforts to assess the role of cell death in the etiology of ADHD.
Limitations
First, because this is a hospital-based case-control study with retrospective assessments of exposure, these results are susceptible to a recall bias in which mothers of cases may have provided qualitatively different information than mothers of non-ADHD controls. It is difficult to predict in which direction this bias could impact the current findings. Mothers of children with ADHD may be motivated to identify the source of their child's disorder and therefore work to remember previous levels of exposure with greater detail; this would lead to inaccurately increased odds ratios. Alternatively, the mothers of ADHD children who used substances during pregnancy may feel guilty and tend to underestimate their true levels of use more than mothers who also used substances but whose children suffered no ill effects. In this situation the true odds ratio would have been inaccurately decreased. We attempted to deal with this bias by including information from direct questioning regarding substance use during pregnancy in which we could expect this bias to exert some effect and from a separate interview of the mother in which it was not known (to the subject or interviewer) that we would later use information collected regarding her history of substance use to recalculate in utero substance exposure. We found no statistical evidence that supported either scenario in these data, but the underlying bias may still remain. It is encouraging, however, that the odds ratio for prenatal exposure to tobacco from our hospital-based case-control study with self-reported data is consistent (2.2 versus 3.0) with the results from Landgren and colleagues' (1998) population-based case-control study, which used medical records to define exposure.
Second, available measures of exposure were limited to heavy use or abuse, did not allow for the examination of the lower doses of exposure, and did not include any measure of postnatal environmental exposure. We were limited to those questions that were asked as part of the structured diagnostic interviews. The questions-exactly as they were posed-are presented in Table 2 and indicate the lack of detail afforded in this study. Future examinations following this initial result need to estimate the effects of lower doses and the timing of exposure. Likewise, the lack of detailed information regarding the types of drugs subjects my have been exposed to limits our confidence in the lack of an effect or prenatal exposure to drugs on the risk of ADHD.
Third, replication of our findings regarding a lack of effect of gender is needed in light of differences identified by Weissman et al. (1999) and because we relied on the statistical significance of interactions which generally have little power in logistic regression models. Fourth, because our sample was ascertained via referred cases of primarily white, middle-class, intact families, our results may not generalize to children with different socioeconomic or ethnic backgrounds.
Clinical Implications
With these considerations in mind, we conclude that there may be a link between ADHD and prenatal exposure to cigarette smoking and alcohol abuse that is not an artifact of uncontrolled confounding. If upon further inquiry with prospective studies and well-quantified measures of exposure, these associations are found to be causal, maternal smoking and alcohol use during pregnancy may represent modifiable risk factors for this common psychiatric condition of childhood. If further studies of this association uncover mechanisms that lead to ADHD in children, it may be possible to develop more efficient clinical interventions. Increased research aimed at identifying the characteristics that predict smoking and alcohol abuse during pregnancy is needed to develop appropriate preventive interventions aimed at mothers-to-be.
